A balun-bandpass filter was proposed by using two folded open-loop ring resonators (OLRRs) to couple three microstrip lines. By tuning the size of the OLRR, the operating frequency of the balun-bandpass filter could be tuned to the needed value. By tuning the size of open stub at the end of microstrip lines, the balanced impedance of the balun-bandpass filter could also be tuned. The fabricated balun-bandpass filter had a wide bandwidth and a low insertion loss at center frequency of the passband. The balunbandpass filter presented an excellent in-band balanced performance with common-mode rejection ratio more than 20 dB in the passbands. An advanced design methodology had been adopted based on EM simulation for making these designed parameters of OLRRs and microstrip lines. Good correlation was seen between simulation and measurement, and the result was that first run pass had been achieved in the majority of our designs.
Introduction
A mass of RF/microwave modules is designed for portable terminals such as handsets, e-readers, and tablet PCs. Integration of two functional blocks in a single circuit is the most intuitive way to reduce the cost as well as the circuit size. Bandpass filters (BPFs) and baluns are critical components in the RF channels because most of the RF-front end modules require bandpass filters and baluns. Some balun BPFs are evolved from the classic quarter-and half-wavelength resonators with folding topology [1] . To cater for dual-band wireless systems, plenty of researches focus on the balun BPFs with two passbands [2] . In [3, 4] , single dual-mode resonators are employed to construct a compact balun BPF. To extend the ability of the microwave components to support multiple frequency bands, tunable or reconfigurable techniques have drawn much attention for researches and developments. To achieve the requirement of the compact and low-cost RF module for the modern wireless communication system, the balun BPFs with the balance-to-unbalance conversion are highly desired. Accordingly, all kinds of tunable BPFs have been under intensive developments [5] , but relatively only few researches have been done on the tunable balun BPFs [6] .
In the present study, a generalized methodology for designing a novel and simple single passband balun BPF was investigated. The low-loss balun BPF was using two folded open-loop ring resonators (OLRRs) with equal physical dimensions to couple three microstrip lines, as Figure 1 shows. Each OLRR is placed between two microstrip lines and has a perimeter of about a half wavelength of the designed resonant frequency. Each of the fold OLRRs has its maximum electric field density near the open ends of the line and has its maximum magnetic field density around the center valley of the microstrip line. The resonant frequencies can be adjusted via the length of the OLRRs to provide a highperformance passband response. The proposed balun BPF has low insertion loss, a wide tunable range of passband, transmission zeros, and simple design. By tuning the size of open stub at the end of microstrip line, the balanced impedance of the balun BPF can be tuned. Finally, we fabricated a high-performance balun BPF on FR4 substrates to demonstrate the proposed structure.
Design Methodology
To obtain the maximum magnetic coupling, the center valley of the OLRRs must be positioned in the proper location along the microstrip line with the maximum magnetic field intensity, which can be determined by studying wave motions on a microstrip line. For the transverse electromagnetic (TEM) field structure, both the electric and magnetic field vectors lie in the transverse plane, which is perpendicular to the uniform propagation axis. Under the assumptions of the TEM mode of propagation and a lossless line, the fields ⃗ and ⃗ are uniquely related to voltage and current, respectively. Based on transmission line theory, the magnitudes of voltage and current on the microstrip line can be expressed in terms of the incident wave and the reflection coefficient:
(1)
where = − is measured away from the load at = 0 and is the phase of the reflection coefficient. When − 2 has a magnitude of zero or any multiple of 2 radian, voltage in (1) is at its maximum magnitude and current in (2) is at its minimum magnitude, respectively. For the case of an opencircuited line, (1) and (2), respectively, become
At a distance of a quarter wavelength from the receiving end, the voltage becomes zero while the current is at its maximum. If the line has a value of half wavelength, the current distribution near the center of the transmission line is at its maximum. High magnetic coupling results from a high conduction current. Once the point of max is found, the point of max can be easily determined. Figure 2 shows a uniform section of a transmission line of length , where is about 0.5 under operation frequency of 2.6 GHz. This result suggests that the resonant frequency of the designed balun BPFs can be adjusted by changing the dimension of the OLRRs.
To demonstrate that the proposed structure is available, balun BPF is designed using OLRRs to couple microstrip transmission lines. To excite the passbands, two pairs of guided half-wavelength OLRRs should be located between two microstrip lines, and the microstrip lines are terminated with open ends. Each OLRR provides a path coupled signal energy from one microstrip line to another at around resonance frequency. When the signal is above and below resonance frequency, most of the energy is reflected back and the standing waves are said to exist on the line, as Figure 3 shows. After the designed balun BPFs are simulated using the HFSS simulator with loss factors (conductor loss and dielectric loss) included in the simulated response to find the optimal parameters, the coupling paths shown in Figure 3 are chosen specifically for resonant frequency.
Besides having good match in input impedance and good amplitude and phase balances between the two output ports, the match in output balanced impedance will make balun BPFs have more attraction in the sense of the system integration ability. This structure is very easy for designer to tune balanced impedance, because we only need to adjust the width ( ) of balanced-port microstrip line and add openstub line, as the structure shown in Figure 4 . To characterize the balance characteristic of the balun BPFs, the mode conversion between the unbalanced threeport network and the unbalanced-to-balanced two-port network is applied to obtain the single-ended to differentialmode and common-mode parameters [7, 8] :
where 21 and 21 are the couplings of mixed-mode parameters, 21 is from the unbalanced input port 1 to the differential-mode output port 2, and 21 is from the unbalanced input port 1 to the common-mode output port 2, respectively.
Design of Balun-Bandpass Filters
The simulated frequency response of the 2.6 GHz-based balun BPF with better design parameters is shown in Figure 5 with layout pattern shown in the inset. The designed balun BPF is based on two pairs of half-wavelength OLRRs. Electric coupling can be obtained if the open sides of the two coupled resonators are placed near each other, and magnetic coupling can be obtained if the sides with the maximum magnetic field of two coupled resonators are placed near each other. The coupling spacing between the main microstrip line and OLRRs is 0.2 mm and the spacing between two resonators is 0.61 mm. The center frequency of the designed balun BPF can be accurately controlled to a desired band once the correct position is chosen. The balanced impedance is about (78 + 18) Ohm at 2.6 GHz. The simulation result of the designed balun BPF shows good match in input impedance, good amplitude and phase balances between the two output ports, and a wide passband. Those simulated results prove that we Figures 6 and 7 have the same designed structures. In order to design the balanced impedance that is needed, the sizes of open stub and are different from each other. The balun BPF using OLRRs was fabricated on an FR4 substrate with a relative permittivity of 4.4 and thickness between the two electrodes was 1.2 mm. The dimension for the proposed balun BPF with balanced impedance of 100 Ohm is 41 mm × 22.21 mm, as shown in Figure 6 (a), and the photograph of the fabricated balun BPF is shown in Figure 6 (b). Similarly, the dimension for the proposed balun BPF with balanced impedance of 50 Ohm is about 41 mm × 32.96 mm, as shown in Figure 7(a) , and the photograph of the fabricated balun BPF is shown in Figure 7 (b). Measurements were carried out using an Agilent N5071C network analyzer. 31 is below 2 dB and the phase difference between 21 and 31 is within 180 ± 10 0 at each operating band. The proposed balun BPFs present a wide bandwidth, because they have two resonant frequencies within the passband. The balance impedance will affect the electrical performance of return loss, as shown in Figures 8(a) and 9(a); for that there is one peak or two peaks. The little difference between the simulated and measured results is mainly caused by the fabrication error (circuit etching), the SMA connector, and numerical error.
Conclusions
We presented a simple and effective method for designing a microstrip balun BPF with differential outputs. By adjusting the physical dimensions of the OLRRs, the center frequencies of the balun BPF could be tuned over a wide range. characteristics, as the results shown in Figures 8 and 9 , the two balun BPFs had the good performance. A prototype was designed and fabricated, with the measured results given.
